INTRODUCTION
Epithelial tight junctions form a barrier to the movement of pathogens, toxins and allergens from the intestinal lumen into the tissue. The disruption of tight junctions plays an important role in the pathogenesis of a number of gastrointestinal diseases (1, 2) .
Studies reported during the past decade show that the tight junctions are composed of at least three types of transmembrane proteins, occludin (3), claudins (4) and junctional adhesion molecule (5) . Transmembrane proteins interact with other intracellular plaque proteins such as ZO-1, ZO-2, ZO-3, cingulin and 7H6, which anchor the transmembrane proteins to the actin cytoskeleton (6) (7) (8) (9) . Growing evidence indicates that the activities of intracellular signaling molecules regulate tight junctions. Studies indicate that signaling pathways involving protein kinases, G-proteins, Rho/Rac GTPases regulate the tight junction permeability (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Tyrosine kinases such as c-Yes, c-Src and focal adhesion kinase (FAK) are localized at the vicinity of tight junctions and adherens junctions (3) . A recent study demonstrated that c-Src plays an important role in the disruption of tight junctions (21) , while c-Yes may be involved in the assembly of tight junction (22) .
Another study, by in vitro bait peptide pull down assay, showed that the regulatory subunit of PI 3-kinase, p85, binds to the intracellular C-terminal region of occludin (23) , raising the possibility of the role of PI 3-kinase-dependent signaling pathway in the regulation of tight junctions. A recent study showed that PI 3-kinase inhibitors prevented VEGF-induced Ser/Thr-phosphorylation and redistribution of occludin and ZO-1 in bovine aortic endothelial cells (24) . However, association of the PI 3-kinase with the tight junction and its role in regulation of epithelial permeability is not known.
by guest on http://www.jbc.org/ Downloaded from A significant body of evidence indicates that oxidative stress disrupts epithelial tight junctions and increases the paracellular permeability in Caco-2 cell monolayer (16) (17) (18) (19) (20) . Oxidative stress-induced paracellular permeability was inhibited by tyrosine kinase inhibitors, and was associated with tyrosine phosphorylation of a wide spectrum of proteins, including occludin, ZO-1, E-cadherin and b-catenin (17) (18) (19) . In a recent study it was demonstrated that the expression of kinase-inactive c-Src mutant delays the oxidative stress-induced disruption of tight junctions in Caco-2 cell monolayers (21) indicating the important role of c-Src in regulation of tight junction.
In the present study we examined the role of PI 3-kinase in the oxidative stressinduced disruption of tight junctions in Caco-2 cell monolayers. Results show that: 1)
Inhibitor of PI 3-kinase activity reduces the oxidative stress-induced disruption of tight junctions, 2) oxidative stress increases the association of PI 3-kinase with occludin, and induces translocation of p85 to the intercellular junction, and 3) occludin interacts directly with p85. This study for the first time shows that PI 3-kinase is associated with occludin in Caco-2 cell monolayers, and plays an important role in the regulation of epithelial tight junctions by oxidative stress.
Treatment with oxidative stress: Oxidative stress was induced as previously described (20) . Briefly, cell monolayers were incubated in PBS (Dulbecco's saline containing 1.2 mM CaCl 2 , 1 mM MgCl 2 and 0.6% BSA) in the absence or presence of a mixture of xanthine oxidase (20 mU/ml) and xanthine (0.25 mM) (XO+X) with or without LY294002 (25 µM). Control cell monolayers were incubated in PBS without XO+X and inhibitors.
Measurement of transepithelial electrical resistance (TER): TER was measured as described previously (16) Preparation of GST-C-occludin and GST-p85: C-terminal tail of chicken occludin as a GST fusion protein, GST-C-occludin, and GST-p85 were prepared in E.
coli DH5a cells and purified using GSH-Agarose as described before (5 To determine the role of PI 3-kinase in the regulation of tight junctions, the effect of the LY294002, a PI 3-kinase inhibitor, on oxidative stress-induced disruption of tight junctions was evaluated. Treatment of cell monolayers with XO+X resulted in a timedependent decrease in TER (Fig. 1A) and increase in inulin permeability (Fig. 1B) .
Pretreatment of cell monolayers with LY294002 significantly reduced the XO+X-induced decrease in TER and increase in inulin permeability. The effect of LY294002 on XO+X-induced changes in TER and inulin permeability was concentration-dependent ( Fig. 1C & D) . Immunofluorescence confocal microscopy showed that XO+X induced a redistribution of occludin and ZO-1 from the intercellular junctions (Fig. 2) , which was prevented by pretreatment of cell monolayers with LY294002. Previous studies showed that oxidative stress-induced disruption of tight junctions in Caco-2 cell monolayers was associated with tyrosine phosphorylation of occludin and ZO-1, and their release from the actin cytoskeleton (20) . Therefore, the present study evaluated the effect of LY294002 on XO+X-induced changes in tyrosine phosphorylation and cytoskeletal association of tight junction proteins. XO+X treatment resulted in an increase in tyrosine phosphorylation of occludin and ZO-1 in the actin cytoskeleton, the membrane cytoskeleton and the Triton-soluble fractions. LY294002 reduced XO+X-induced tyrosine phosphorylation of occludin and ZO-1 in all fractions (Fig. 3A) . XO+X also induced a time-dependent reduction in the amounts of occludin and ZO-1 associated with the actin cytoskeleton, which was accompanied by an increase in occludin and ZO-1 in the Triton-soluble fraction (Fig. 3B) . LY294002 reduced the XO+X-induced decrease in occludin and ZO-1 in the actin cytoskeleton and their increase in Triton-soluble fractions. LY294002 by itself produced no significant effect on cytoskeletal association or tyrosine phosphorylation of occludin and ZO-1 (data not shown).
Oxidative stress induces a rapid activation of PI 3-kinase.
The above studies indicate that PI 3-kinase activity is required for the oxidative stressinduced disruption of tight junction. Therefore, we evaluated the effect of XO+X on the localization of the regulatory subunit of PI 3-kinase and PI 3-kinase activity in the cytoskeletal fractions. XO+X induced a rapid increase in the amount of PI 3-kinase regulatory subunit associated with the actin cytoskeleton and the membrane cytoskeleton, while it was reduced in Triton-soluble fractions (Fig. 4A & B) . XO+X also increased PI 3-kinase activity in the actin cytoskeleton with the maximal increase achieved at 15 min (Fig. 4C & D) . Activity in Tritonsoluble fraction was slightly reduced at later time points.
Oxidative stress increases association of PI 3-kinase with the occludin.
A previous study raised the possibility of association of PI 3-kinase with the tight junction (23) . To determine the interaction of PI 3-kinase with the tight junction complex in Caco-2 cell monolayers we evaluated co-immunoprecipitation of PI 3-kinase with occludin. Considerable amount of p85, the regulatory subunit of PI 3-kinase, was coimmunoprecipitated with occludin precipitated from the actin cytoskeleton ( (Fig. 5C & D) . Treatment with XO+X rapidly increased PI 3-kinase activity associated with the immune complexes of occludin prepared from both the actin cytoskeleton and the Triton-soluble fraction. Only trace amounts of PI 3-kinase activity were detected in the immune complexes of occludin prepared from the membrane cytoskeleton (data not shown). PI 3-kinase activity was dramatically low in immune complexes of occludin prepared from the cells treated with XO+X after pretreatment with LY294002 ( Fig. 5E & F) .
To determine the translocation of PI 3-kinase to the vicinity of tight junction we analyzed the effect of oxidative stress on localization of p85 by immunofluorescence confocal microscopy. P85 was predominantly localized in the intracellular compartments at the apical part of the cell (Fig. 6) . Treatment with XO+X induced a minor change in the localization of p85 at 5 min, but at 30 and 60 min after treatment p85 was predominantly localized at the intercellular junctions, and co-localized with the occludin (Fig. 6 ).
Direct binding of p85 with occludin
In order to determine the direct interaction of C-terminal tail of occludin with p85 we generated recombinant GST-fused C-occludin (C-terminal 150 aminoacids) and GST-p85. GSTp85 was cleaved with thrombin, and p85 was incubated with varying concentrations of GST-Cby guest on http://www.jbc.org/ Downloaded from concentration-related manner (Fig. 7) . GST alone showed only a minimal binding to p85.
Oxidative stress increases paracellular permeability in MDCK cell monolayer by a PI 3-kinase-dependent mechanism
In order to demonstrate the PI 3-Kinase-mediated regulation of tight junction in another epithelial model we evaluated the effect of LY294002 on oxidative stress-induced increase in permeability in MDCK cell monolayers. Incubation of MDCK cell monolayers with XO+X decreased TER (Fig. 8A ) and increased inulin flux (Fig. 8B ) in a time-dependent manner. This increase in paracellular permeability was associated with reorganization of occludin and ZO-1 from the intercellular junctions (Fig. 8C) . Pretreatment of cell monolayers with LY294002 significantly reduced XO+X-induced decrease in TER, increase in inulin permeability and reorganization of occludin and ZO-1 (Fig. 8) .
DISCUSSION
Oxidative stress disrupts tight junction-and adherens junction-based cell-cell adhesion in Caco-2 cell monolayer by a tyrosine kinase dependent mechanism (20) . The oxidative stress-induced disruption of the tight junction and the adherens junction is associated with the tyrosine phosphorylation of occludin, ZO-1, E-cadherin and bcatenin. Recent studies demonstrated that oxidative stress induces a rapid activation of cSrc, and that c-Src activity is required for the oxidative stress-induced disruption of the tight junction (21) . The present study shows that oxidative stress increases the level of PI 3-kinase associated with the occludin, and that PI 3-kinase activity mediates the oxidative stress-induced disruption of tight junctions in Caco-2 cell monolayers. This is the first evidence for the association of PI 3-kinase with a tight junction protein, and for the role of PI 3-kinase activity in regulation of epithelial tight junctions.
A significant reduction of oxidative stress-induced decrease in TER, increase in inulin permeability and redistribution of occludin and ZO-1 by LY294002 indicate that PI 3-kinase activity plays an important role in the oxidative stress-induced disruption of tight junction in Caco-2 cell monolayer. Previous studies demonstrated that occludin, ZO-1, E-cadherin and b-catenin undergo rapid phosphorylation on tyrosine residues during the oxidative stress-induced disruption of tight junctions (20) and that tyrosine phosphorylation reduces the interactions between occludin and ZO-1, ZO-2 and ZO-3 (25) . The present study shows that LY294002 reduces oxidative stress-induced tyrosine phosphorylation of occludin and ZO-1. Previous studies also demonstrated that occludin and ZO-1 bound to actin cytoskeleton correlates well with the barrier function of the epithelium (20) . Disruption of tight junctions by oxidative stress reduces the amounts of occludin and ZO-1 bound to the actin cytoskeleton, which was prevented by, genistein, a tyrosine kinase inhibitor. The present study shows that LY294002 also reduces the oxidative stress-induced dissociation of occludin and ZO-1 from the actin cytoskeleton. Therefore, PI 3-kinase activity is required for the oxidative stress-induced tyrosine phosphorylation and dissociation from the actin cytoskeleton of tight junction proteins, and therefore for the disruption of tight junctions. However, the temporal relationship between oxidative stress effect on tyrosine phosphorylation, release from the actin cytoskeleton and disruption of tight junction is not clear. Significant increase in tyrosine phosphorylation and release of occludin from the actin cytoskeleton occurred by 60 min, while less than 20% of TER was reduced. It is likely that mechanisms downstream to activation of PI 3-kinase and c-Src, and other lateral mechanisms are involved in oxidative stress-induced disruption of TJ.
The fast migrating occludin bands that appeared in oxidative stress-treated cells (Fig. 3) are likely result of proteolytic degradation of occludin. In our previous study (20) we showed that oxidative stress induces proteolytic degradation of occludin, and the low MW degradation products are predominantly present in MCS and TS fractions. The metalloproteinase inhibitor, 1,10-phenanthroline, significantly reduced the oxidative stress-induced degradation of occludin. However, this inhibitor did not prevent oxidative stress-induced disruption of TJ, and therefore occludin degradation was considered uninvolved in oxidative stress-induced disruption of TJ and increase in permeability.
Additionally, genistein prevented oxidative stress-induced increase in permeability without an effect on occludin degradation. Similarly, the present study shows that LY294002 reduces oxidative stress-induced tyrosine phosphorylation of occludin (Fig. 3A ) with no effect on proteolytic degradation of occludin (Fig. 3B) .
The requirement of PI 3-kinase activity in the regulation of tight junction, and the previous in vitro study that raised the possibility of interaction between the regulatory subunit of PI 3-kinase and the C-terminal sequence of occludin (23) suggest that PI 3-kinase may be associated with the tight junction complex in Caco-2 cells, and that oxidative stress may alter this interaction. The present study shows that the regulatory subunit of PI 3-kinase and the PI 3-kinase activity are associated with the immune complexes of occludin prepared from the actin cytoskeleton of the resting epithelium. Oxidative stress rapidly increases the level of regulatory subunit of PI 3-kinase and the PI 3-kinase activity in the immune complexes of occludin. These results demonstrate that PI 3-kinase does interact with tight junction complex, and it can be increased by physiologic or pathophysiologic conditions such as oxidative stress. This observation was further confirmed by confocal immunofluorescence localization of p85 at the junctions.
Oxidative stress increased the localization of p85 at the intercellular junctions, with a concomitant decrease in p85 stain at the intracellular compartments. Double staining for p85 and occludin indicates that p85 is co-localized with occludin. At 5 min of XO+X treatment the PI 3-kinase activity associated with occludin was found to be higher than control in both ACS and TS fraction, suggesting an activation of PI 3-kinase at the early time period. Therefore, it possible that the initial effect of oxidative stress is activation of PI 3-kinase bound to occludin, which was immediately followed by a translocation of PI 3-kinase into occludin.
The binding of PI 3-kinase to occludin is not necessarily mean that it is associated with the tight junction. However, our previous study (20) showed that oxidative stressinduced increase in paracellular permeability and its reduction by genistein correlated well with the changes in the levels of actin-bound occludin. Changes in occludin present in MCS fraction or TS fraction did not correlate with the permeability changes, which indicated that actin-bound occludin is the pool of occludin that is most relevant t the tight junctions. Therefore, it is likely that PI 3-kinase activity present in occludin immunoprecipitates prepared from the ACS fraction is associated with the tight junction.
The rapid increase in the activity of PI 3-kinase in the tight junctions strongly indicates that this pool of PI 3-kinase plays a crucial role in the oxidative stress-induced disruption of tight junctions. However, it is not clear if the co-immunoprecipitation of p85 with occludin is a direct interaction. As immune complexes of occludin prepared under native conditions are expected to co-precipitate many of the tight junction proteins, it is possible that PI 3-kinase interacts indirectly with the occludin through other proteins. Therefore, we investigated the direct interaction of occludin with p85 by GST pull down assays using GST-C-Occludin and thrombin-cleaved GST-p85. Concentration-related binding of recombinant p85 with recombinant GST-C-occludin demonstrates that p85 directly interacts with the C-terminal tail of occludin. These studies suggest a possibility of direct interaction of p85 with occludin within the cell, and that this interaction is enhanced by oxidative stress. Such an enhancement of interaction between p85 and occludin may involve post-translational modifications, such as phosphorylation.
In summary, this study shows that oxidative stress increases the association of PI 3-kinase regulatory subunit and PI 3-kinase activity with the tight junction protein complex, and that PI 3-kinase activity is required for the oxidative stress-induced disruption of tight junctions. by guest on 
